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Abstract: P-wave assessment is frequently used in clinical
practice to recognize atrial abnormalities. However, the
use of P-wave criteria to diagnose specific atrial abnormal-
ities such as left atrial enlargement has shown to be of
limited use since these abnormalities can be difficult to
distinguish using P-wave criteria to date. Hence, a mech-
anistic understanding how specific atrial abnormalities
affect the P-wave is desirable. In this study,we investigated
the effect of left atrial hypertrophy on P-wave morphology
using an in silico approach. In a cohort of four realistic
patient models, we homogeneously increased left atrial
wall thickness in up to seven degrees of left atrial hy-
pertrophy. Excitation conduction was simulated using a
monodomain finite element approach. Then, the resulting
transmembrane voltage distribution was used to calculate
the corresponding extracellular potential distribution on
the torso by solving the forward problem of electrocardio-
graphy. In our simulation setup, left atrial wall thickening
strongly correlatedwith an increased absolute value of the
P-wave terminal force (PTF) in Wilson lead V1 due to an
increased negative amplitude while P-wave duration was
unaffected. Remarkably, an increased PTF-V1 has often
been associated with left atrial enlargement which is de-
fined as a rather increased left atrial volume than a solely
thickened left atrium. Hence, the observed contribution of
left atrial wall thickness changes to PTF-V1 might explain
the poor empirical correlation of left atrial enlargement
with PTF-V1.
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1 Introduction
Increasing occurrence of atrial fibrillation (AF) raises the
interest in simple measures to detect predictors for AF.
Being non-invasive, inexpensive and routinely acquired
in clinical practice, P-wave features assessed in the body
surface ECG offer a simple measure to gain insight into the
atria and, therefore, could recognize atrial abnormalities
that are linked to AF. One particular atrial abnormality,
which is associatedwith the risk to develop AF is left atrial
enlargement (LAE) [1]. However, ECG-based detection of
LAE is discussed controversially as several studies inves-
tigating multiple P-wave criteria showed varying results
and generally rather poor to moderate correlations to LAE
[2–5]. One possible explanation to these divergent findings
is that several left atrial abnormalities (LAAbs) such as
inter-atrial conduction block, left atrial hypertrophy (LAH)
and other disorders can similarly affect the P-wave and are
therefore hard to distinguish using P-wave criteria [6]. This
however, limits the use of risk stratification for AF using
P-wave criteria. Hence, a better understanding of the effect
of specific LAAbs on the P-wave is desirable and may lead
to better P-wave features to identify AF related LAAbs. In
this study, we investigated the effect of LAH on the P-wave
in a computation model. Hereby, an in silico approach has
the advantage of a direct P-wave comparison of different
degrees of LAH in the same patient model and therefore
offers an investigation of the effect of LAH in a much more
controlled environment in contrast to clinical studies.
2 Methods
2.1 Left atrial hypertrophy
The effect of LAHwas investigated in four healthy anatom-
ical models. The models were acquired by manual and
automatic segmentation of MRI data and converted to a
voxel format as described in earlier work [7]. Each model
comprised a high resolution atrial model with an isotropic
voxel side length of 0.33mm and a heterogeneous thorax
model with an isotropic voxel side length of 0.40mm.
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Figure 1: (A) shows the left (LA) and right atrium (RA) of model #1
as well as the plane (black line) for the cross section in (B), which
shows the seven degrees of LAH in different colors.
In a first step, LAH was applied to the high resolution
atria models. To model LAH, the left atrial wall was ho-
mogeneously thickened by converting voxels that were
adjacent to the left atrium and that did not belong to the
right atrium. Hereby, each subsequent degree of LAH was
created by adding one voxel layer to left atrial endo- and
epicardium, respectively. Therefore, each degree of LAH
yielded an additional left atrial wall thickness increase of
0.66mm. Using this method, seven degrees of LAH with a
maximum additional left atrial wall thickness of 3.96mm
were created for each of the four models. Figure 1 shows a
cross section of the seven different hypertrophic degrees
in model #1. To account for atrial tissue heterogeneities
and myocyte orientation, a semi-automatic rule-based al-
gorithm was applied [8]. The algorithm annotated tissue
heterogeneities and myocyte orientation along predefined
paths by manually defining 22 seed points on the atria
models. As the algorithm was robust against atrial wall
thickness deviations, path points were set identically for
all seven degrees of LAH in each patient model. To enable
left atrial activation, four inter-atrial connections were
added: Bachmann’s Bundle, a connection at the coronary
sinus and two posterior connections. In a next step, the
hypertrophic atria models were transferred to the corre-
sponding thoraxmodels. Since the resolution of the thorax
models was coarser, the voxels were labeled by near-
est neighbor interpolation. Hereby, separation between
left and right atrium was ensured except for inter-atrial
connections. Furthermore, atrial myocyte orientation was
transferred to the torso models. Lastly, the voxel-based
thoraxmodelswere converted to tetrahedralmeshes using
the CGAL library [9].
2.2 Electrophysiological modeling
Cardiac single cell behaviour was described using the
model by Courtemanche et al. [10]. Cellular steady state
conditions were ensured by initializing single cells for
each tissue over 60 cycles. To initialize atrial depolariza-
tion, a stimulus current was applied to the sinus node for
3ms. To account for atrial tissue heterogeneities and my-
ocyte orientation, anisotropy factors and heterogeneous
intracellular conductivities were used as described in
[11]. Excitation propagation was simulated using a mon-
odomain approach in the reaction-diffusion solver ac-
CELLerate [12] by constant time stepping of 20 µs for
200ms. Subsequently, the resulting Vm distribution was
transferred to the corresponding extracellular potential
Φe on the body surface by solving the forward problem of
electrocardiography:
∇ · (σi∇Vm) = −∇ · ((σi + σe)∇Φe) , (1)
with σi being the intracellular conductivity tensor and σe
being the extracellular conductivity tensor. In a last step,
the twelve-lead ECG was assessed from the extracellular
potential map on the body surface.
2.3 P-wave analysis
To analyze the effect of LAH on P-wave morphology, we
investigated four P-wave criteria that were mentioned to
be correlated to either LAE or LAAb in clinical studies
[2–6]: An increased negative area of the P-wave terminal
force in V1 (PTF-V1), a prolonged P-wave duration (PWD),
an increased P-wave area in Einthoven lead II (PW-Area)
and a decreased P-wave axis (PW-Axis). PTF-V1 was de-
fined as the product of the amplitude and the duration
of the terminal negative P-wave component. PW-Area was
approximated by 0.5 times duration times amplitude as
described in [5]. PW-Axis αwas estimatedby the amplitude
of Goldberger lead aVF and Einthoven lead I:
α = arctan
(︂
2√
3
aVF
I
)︂
. (2)
3 Results
The presented method to thicken the left atrial my-
ocardiumwas applied to four patient models for seven dif-
ferent degrees of LAH. However, tetrahedral torso meshes
could not be derived from the voxel based torsos in 8 of
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Figure 2: P-waves of the seven degrees of LAH in Wilson lead V1 in
model #1.
28 cases using CGAL. Therefore, P-waves were not consid-
ered for these eight cases. In our simulation setup, PTF-
V1 showed the best correlation with LAH with correlation
coefficients ranging from−0.88 to−0.99. To illustrate the
effect of LAH on PTF-V1, Figure 2 shows the P-waves in
Wilson V1 for all seven degrees of LAH in model #1. For
the first 20ms, P-wave morphology was almost unaffected
by left atrial wall thickening as the left atrium was not
yet activated. Then, increasing left atrial wall thickness
caused a negative deflection of the P-wave resulting both
in a smaller positive amplitude and a more pronounced
negative amplitude. Thus, the negative amplitude in V1
correlated even stronger with LAH ranging from −0.95 to
−1. As seen in Figure 3B, PWD hardly varied for different
degrees of left atrial wall thickening in the same model
with regression slopes ranging from 0ms per millimeter
wall thickening to 1ms per millimeter wall thickening.
PW-Area increased with additional LAH in most cases as
a result of an increased amplitude with correlation coef-
ficients ranging from 0.05 to 0.9 (Figure 3C). As seen in
Figure 3D, the effect of left atrial wall thickening on PW-
Axis was highly model dependent. For model #1 and #2,
PW-Axis correlation was positive while model #3 and #4
showed negative correlation with LAH.
4 Discussion
Our results suggest that increased left atrial wall thickness
is reflected in a negative deviation of the terminal P-wave
in V1 resulting in an increased absolute value of PTF-V1.
Furthermore, we conclude that left atrial wall thickness
does not affect PWD and potentially affects PW-Area in
Einthoven II and PW-Axis depending on anatomical prop-
erties of the patient. Although our virtual population of
four patients was small compared to most in vivo stud-
ies, an in silico approach carries the advantage of solely
altering specific anatomical properties in the same pa-
tient. Hence, the presented approach to thicken the left
atrial wall allows to draw conclusions in a much smaller
study population compared to clinical studies. However,
we modeled LAH by assuming left atrial wall thickness
to be homogeneous and limited to the left atrium, which
might not be the case in vivo. Moreover, the wall thickness
difference between the chosen seven degrees of LAHmight
have been too large as in particular the first degree of
LAH already thickened the left atrial wall by 20%. An
increased absolute PTF-V1 has often been associated with
the presence of LAE in clinical studies [3, 4]. Hence, the
observed strong correlation of LAH with PTF-V1 raises the
interest how LAH contributes to LAE. Generally, LAE is
rather defined as an increased left atrial volume than
an increased left atrial wall thickness. Nevertheless, LAH
could be present during the formation of LAE as it is
known for the dilation of ventricles due to pressure over-
load [13]. Hereby, the left ventricle adapts to high blood
pressure by increasing the myocardial thickness (com-
pensation). If the blood pressure further increases, the
ventricle dilates (decompensation). Assuming a similar
course for LAE, PTF-V1 would increase during the com-
pensation phase due to left atrial wall thickening. Once
dilation sets in, PTF-V1 would decrease due to a thinner
left atrial myocardium. Conceptually, the decrease of PTF-
V1 during the decompensation phase could be counter-
acted by a prolongation of the P-wave as an effect of left
atrial dilation. This could explain the strong correlations
of LAE with PWD and the poor correlations with PTF-
V1 observed in [5]. In conclusion, we found PTF-V1 to
be strongly correlated to left atrial wall thickening while
PWD was unaffected. Moreover, the contribution of left
atrial wall thickness changes to LAE might explain the
poor performance of PTF-V1 to diagnose LAE in clinical
studies.
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Figure 3: Effect of LAH on PTF-V1, PWD, PW-Area and PW-Axis. The annotated values of the P-wave criteria are shown for the four anatomical
models. Additionally, linear regression lines are shown for each model. Missing values are due to failure of torso mesh generation.
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